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Secondary flowAbstract In this paper, flow and scour patterns resulted from the installation of two T-shaped spur
dikes were evaluated in a 90 bend under clear water conditions. The submerged and non-
submerged spur dikes were modeled at different locations in the bend using the numerical model.
Based on the dikes’ location and submergence, different scour holes on the channel bed were
formed. For all models, the maximum secondary flow power occurs at the upstream of the first spur
dike and the maximum sedimentation occurs at the end of the inner bank. The maximum scour
depth generally occurs at the tip of the first dike wing. The space between the spur dikes should
not be more than 5 times of the dike length. In the submerged mode, the maximum scour depth
decreased to 22% compared to the non-submerged mode one. Moreover, the location of sedimen-
tation is a little further away from the bend end.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Spur dikes and groins have been used extensively in all coun-
tries as river training structures to enhance navigation,
improve the control of flood, and protect erodible banks. A
spur dike can be defined as an elongated obstruction havingone end on the bank and the other end projecting into the cur-
rent. The space between spur dikes has been generally related
to the effective length of dike; the flow velocity is also an
important factor. The ratio of the dike length to spacing
required for protection of the bank is less than that required
for the navigation channels whose primary purpose is to move
the eroding current away from the bank [25]. Gill (1972), by
changing the radius of curve, the flow depth and the diameter
of particles in the direct and bent channels, showed that the
distance between dikes depends on the radius of the curve
[10]. Suzuki et al. (1987) conducted experiments on character-
istics of the movable channel bed around a series of spur dikes
and found that the bed form around a non-submerged spur
dike has a significant impact on the relative distance between
the spur dikes and their lengths [15]. Tingsanchali and
Maheswaran (1990) used a two-dimensional turbulence model
32 V. Mohammad et al.(k–e) averaging in depth to solve the equations near the spur
dike [13]. The case of submerged groins was studied by
Aya et al. (1997), Peng et al. (1997), Krebs et al. (1999), and
Tominaga et al. (2001). Aya et al. (1997) reported a sharp
decrease in the water level between upstream and downstream
sides of the groins. Peng et al. (1997) compared three-dimensional
numerical results with experimental results and found that the
flow pattern in the case of submerged groins shows strong
three-dimensional features behind them. When a bank is pro-
tected with a series of groins, the scour depth varies with groin
location. The local scour depth around a groin located far
from downstream in a series of groins is a function of the groin
spacing (S) to length (L) ratio [20]. In computing a turbulent
flow, it is useful to decompose the instantaneous motion into
mean and fluctuation velocity [19]. Kuhnle et al. (1999) exam-
ined the effects of height and volume of scour hole in commu-
nication with submerged spur dikes and found that there is a
direct relationship between the volume of scour and constric-
tion of the cross section and depth of the flow [11]. Tominaga
et al. (2001) compared the stream-wise velocity of flow in sub-
merged and non-submerged spur dikes’ fields and concluded
that the stream-wise velocity is considerably smaller in the
non-submerged spur dike field. Peng et al. (1997) also studied
the effect of spacing between spur dikes on the bed shear stress
and concluded that an increase in space between the spur dikes
increases the overall bed shear stress between the spur dikes.
The bed shear stress is small in the spur dike zone, while it is
large adjacent to the noses of spur dikes [26]. Mc Coy et al.
(2006) examined the flow fields around and between two verti-
cal spur dikes in an open direct channel and reported that in
the mainstream, non-viable horseshoe vortices occur at the
base of the spur dike and the upstream of the flow [5]. Giri
et al. (2004), using experimental and numerical analyses, mea-
sured the field of vortices and scour intensity by changing the
position of spur dikes [12]. Fazli et al. (2007) by experimental
studies on the position of vertical spur dikes at the bend
observed that the topography of bend is affected by the dike’s
location in the bend. The maximum scour depth around the
spur dikes was influenced by changing the position of the spur
dikes in the bend. When the space between two spur dikes (S)
is smaller than 2.6 times of spur dike length (L), the relative
maximum scour depth for two spur dikes will be smaller for
all situations of spur dikes in the bend. When ‘‘L” is more than
2.6 times of spur dike length, the relative maximum scour
depth for two spur dikes will increase by increasing the relative
space between them [16]. Vaghefi et al. (2009), using an exper-
imental study on scouring around a T-shaped spur dike in a
90 bend, concluded that, the maximum scour and the dimen-
sion of scour hole increase by changing the location of the spur
dike downstream of bend, and the scour will also expand
downstream of the spur dike. The location of maximum scour
is at a distance of about 10–20% over the cap of the dike wing
upstream and along the inner wall of the wing [17]. Ghodsian
and Vaghefi (2009) presented the results of an experimental
study on scour and flow fields around a T-shaped spur dike
in a 90 bend and found that the amount of scour at the
upstream of spur dike is much more compared to the down-
stream of spur dike [3]. Razmjo and Ghodsian (2010) exam-
ined the impact of spur dike spacing on the scour and bed
profiles. In a series of spur dikes with different permeabilitypercentages, the amount of sedimentation at the first spur dike
location is greater than that at the second spur dike and like-
wise at the second is greater than that at the third and at the
third is more than that at the fourth one. The volume of sed-
imentation around the series of impermeable spur dikes will
be more by increasing the distance between the spur dikes
[18]. Naji Abhari et al. (2010) reviewed the numerical simula-
tion of flow patterns in a 90 bend using the SSIIM model
and concluded that this model has the ability to calculate the
flow pattern in a 90 bend [4]. Mansoori et al. (2012) using a
numerical study on the characteristics of the flow around a
T-shaped spur dike showed that there is a more stagnant zone
inside the embayment of a T-shaped spur dike compared to the
embayment of the straight spur dikes. Overall the existence of
the wing can increase the stability of the body of spur dike
against the erosion, due to moving the high-stress regions away
from the body [2]. Mousavi et al. (2012) using three-
dimensional numerical and laboratory models for flow pat-
terns and the deformation of bed around a T-shaped spur dike
in a 90 bend concluded that the computed evidence indicates
that when the spur dike is located at the section 45 of the
bend, most of the streamlines after the location of the spur
dike are deviated toward the outer bank [14]. Vaghefi et al.
(2014) studied the effect of submergence ratio of a T-shaped
spur dike on the water surface profile in a 90 bend, using
the SSIIM mode. They concluded that the SSIIM numerical
model could accurately simulate the flow pattern and scour
in a 90 bend [9]. Vaghefi et al. (2014) using a numerical study
around a T-shaped spur dike in a 90 bend concluded that by
increasing the submersion of the spur dike, the flow changes
into up flow behind the wing [7]. Then according to the effect
of location and distance between the spur dikes and the appli-
cation of T-shaped spur dikes in river training purposes, the
scour and flow pattern of two T-shaped spur dikes were ana-
lyzed in different situations using submerged and non-
submerged spur dikes. The amount of scour resulted from
the spur dike location is compared under the influence of
power of the secondary flow. By knowing the details of the
bed topography, the flow patterns and project requirements,
we can determine the distance between the spur dikes. The
wing at a T-shaped spur dike causes a lot of differences in
the flow pattern and the bed topography in the dikes field
because the dike wing diverts the mainstream to the middle
of the channel. As a result of a comparison made with the
straight spur dike, the mainstream reaches the outer bank in
the farther distance. Up to now, comprehensive studies about
the distance between the T-shaped spur dikes and their com-
parisons in the bend have not been conducted. Choosing the
number and spacing between the T-shaped spur dikes and
the possibility of dike submergence during its function are very
important and have a significant impact on the flow pattern
that is discussed in this study.2. Materials and methods
2.1. Water flow calculation
The Navier–Stokes equations for turbulent flows in a general
three-dimensional geometry are solved to obtain the water
Effects of distance between the T-shaped spur dikes 33velocity and for non-compressible flows with constant density
flow they can be expressed as in Eq. (1) where ‘‘x1, x2 and x3”
are the distances in three directions and ‘‘U1, U2 and U3” are
the velocity components in three directions. ‘‘p” is pressure,
and ‘‘dji” is Kronecker delta that is equal to unity for ‘‘i= j”
and is zero otherwise. The left term on the left side of the equa-
tion is the transient term. The next term is the convective term.
The first term on the right-hand side is the pressure term. The
second term on the right side of the equation is the Reynolds
stress term [21].
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  ð1Þ2.2. Governing equations
Sediment particles can be transported by the flow of water in
the form of bed-load and suspended load, depending on the
size of the bed material particles and the flow conditions.
The particle only remains in suspension when the turbulent
eddies have dominant vertical velocity components exceeding
the particle fall velocity. The suspended load can be calculated
with the convection–diffusion equation for the sediment con-
centration, c (volume fraction in SSIIM). The governing equa-
tions are as follows where ‘‘ui” is the fluid velocity vector.
Conservation of mass:
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Source and sink terms are summarized in ‘‘fi”, and these are
accelerated due to gravity, buoyancy and external forces by
hydraulic structures, wave stresses, etc. The fall velocity of
the sediment particles is denoted, w. As in Eq. (5) the diffusion
coefficient, U, is taken from the k–e model. Sc is the Schmidt
number and ‘‘-” denote time averaged quantity The k–e model
calculates the eddy-viscosity by Eq. (6).
C ¼ vT
Sc
ð5Þ
mT ¼ cl ke2 ð6Þ
For suspended load, Van Rijn (1987) developed a formula
for the equilibrium sediment concentration, Cbed, close to the
bed as in Eq. (7), where the sediment particle diameter is
denoted, d, ‘‘a” is a reference level set equal to the roughness
height, ‘‘s” is the bed shear stress, ‘‘sc” is the critical bed shear
stress for the movement of sediment particles according to
Shield’s curve, ‘‘qw” and ‘‘qs” are the density of water and sed-
iment, ‘‘t” is the viscosity of the water and ‘‘g” is the acceler-
ation of gravity. In addition to the suspended load, the bed
load, qb, can be calculated. At Eq. (8) Van Rijn’s formula
for bed load is used [21].cbed ¼ 0:015 d
0:3
a
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h i0:1 ð8Þ2.3. Numerical model
SSIIM is the abbreviation for Sediment Simulation in Intakes
with Multiblock options. The SSIIM numerical model solves
the Navier–Stokes equations with the k–e model on a three-
dimensional and almost general non-orthogonal grid [4]. The
SIMPLE method is the default method used for pressure-
correction that stands for the semi-implicit method and can
be used for the equations of interlinked pressures. In SSIIM-
1 a structured grid is used; therefore, the version of software
that is used in this study is SSIIM-1. The eddy-viscosity con-
cept is introduced with the Boussinesq approximation to
model the Reynolds’ stress term as in Eq. (9). k is turbulent
kinetic energy, modeled as in Eq. (10), where Pk is given by
Eq. (11), the dissipation of k is denoted e, and modeled as in
Eq. (12).
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In the above equation, in k–e model the constants are equal
to the following values [22–24]:
cl ¼ 0:09 Ce1 ¼ 1:44 Ce2 ¼ 1:92 rj ¼ 1:0 re ¼ 1:32.4. Initial conditions for numerical model
The spur dikes used in this discussion are T-shaped. The first
spur dike is vertical in a 45 position at the outer bank of
the bend. The length of dike wing and web is equal to 9 cm.
The analysis is performed in clear water conditions because
the maximum scour depth occurs under this condition and
the sediments are not going from the channel upstream leading
to filling the scour holes. The channel walls are rigid and ero-
sion takes place only through the bed. The analysis time for
each distance of the two spur dikes is 9 h for the flow and scour
patterns. The channel plan and the grid generation are shown
in Figs. 1 and 2. The other information for the modeling and
location of the second spur dike has been presented respec-
tively in Tables 1 and 2, in which Q= the flow discharge,
d= the uniform sediments diameter, R/B= the ratio of bend
radius to the channel width (relative curvature), r= the stan-
dard deviation of the bed particles, D= the water depth in
upstream of the channel, Fr = the Froude number in
upstream, qs = the density of sediment particles, h= the
angle of dike location proportionate to the bends entry. The
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Figure 1 The channel bend (a) schematic view of the channel and (b) the grid generation around the spur dikes when S= 2.5L.
Figure 2 The grid generation in channel section.
Table 1 The initial data of model.
Q= 25 lit/s R/B= 4 D= 11.6 cm qs = 2.35
d= 1.28 mm r= 1.3 Fr = 0.34 h= 45
34 V. Mohammad et al.vertical distributions of grid cells were given as a percentage of
depth in the control file.
The grid represents the investigated natural hydraulic sys-
tem in a numerical model. For this purpose the domain must
be divided into cells. The sizes of mesh near the spur dike
are smaller. The distortion ratio should not be great. The dis-
tortion ratio is the dimension of the grid in one direction
divided by the dimension in another direction. In the channel
upstream, the mentioned ratio is equal to 8 and the ratiosTable 2 Location of the second spur dike in channel bend.
Distance between
spur dikes
Location according
to degree
Case (3) S= 2.5L h= 49.9
Case (4) S= 3.5L h= 51.8
Case (5) S= 4L h= 52.8
Case (6) S= 5L h= 54.7around the dikes and the channel downstream are equal to 2
and 3 respectively. The distortion ratio is more in the channel
upstream because in this area the bed’s change is small and the
dike’s effect is low. The distortion ratio is selected differently
by researchers [19,21]. The mesh size was analyzed in smaller
cells but the results did not change significantly because this
study was conducted in a 90 bend and did not have geometric
complexity. The grid systems in the vertical, lateral and longi-
tudinal directions have 26, 70 and 36 lines respectively and in
total they have 65,520 cells.
2.5. Boundary conditions
The discharge should be introduced at the bend entry of the
computational domain and at the end of the bend. The
gradient of all parameters in the output boundary is zero.Distance between
spur dikes
Location according
to degree
Case (7) S= 6L h= 56.6
Case (8) S= 7L h= 58.6
Case (9) S= 8L h= 60.4
Case (10) S= 10L h= 64.4
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energy at the water surface are zero, too. The flux passing the
bed and walls is zero. The velocity profile follows a certain
empirical function called a wall law and as in Eq. (13) shows
the wall law of Schlichting (1979) is used, where ‘‘U” is veloc-
ity, ‘‘U*” is shear velocity, ‘‘k” is a constant coefficient equal to
0.4, ‘‘y” is the distance from the wall to the center of the cell,
‘‘ks” is the roughness which is equal to 90% of particles diam-
eter in the bed grading curve [23–24].
The discharge should be introduced at the bend entry of the
computational domain and at the end of the bend. The gradi-
ent of all parameters in the output boundary is zero. Gradient
of loss of kinetic energy and also the value of kinetic energy at
the water surface are zero. The flux passing the bed and walls is
zero. The velocity profile follows a certain empirical function,
called a wall law that as in Eq. (13) the wall law of Schlichting
(1979) is used, where ‘‘U” is velocity, ‘‘U*” is shear velocity,
‘‘k” is a constant coefficient equal to 0.4, ‘‘y” is the distance
from the wall to the center of the cell, ‘‘ks” is the roughness
and equal to 90% of particles diameter in the bed grading
curve [23,24].
U
U
¼ 1
k
Ln ð30y=ksÞ ð13Þ-3 
-2.5
-2 
-1.5
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 
La
b
SSIIM data
Figure 5 Compare the beds topography of Laboratory and
SSIIM data.2.6. Verification
To determine the input parameters of the model, the numer-
ical model must be calibrated at first. In doing so, the model
was calibrated using Vaghefi et al.’s (2012) laboratory model
results [6] to reach better results and to verify the model. The
comparisons of the longitudinal velocities, profiles of cross(a)
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Figure 4 The beds profiles in sectio
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Figure 3 Longitudinal velocity in the sesections and the bed topography are shown in Figs. 3–6. In
Figs. 3 and 4, a sample of comparisons has been shown for
the flow velocity and the beds profiles in two experimental
and numerical models and the results are the same by the
well approximation. The sections are selected in upstream
and downstream of the spur dike. Fig. 5 shows the data
for the bed topography in two models, and it can be seen that
the most points are located near the bisector line, indicating
the same values in the two models. Fig. 6 shows the bed
topography changes in bend length for the two models. It
was observed that in the two models the maximum scour
depth in the upstream of the spur dike and the maximum sed-
imentation in the downstream of the channel bend are the(b)
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Figure 6 Bed topography affected by one spur dike (a) SSIIM model and (b) laboratory model.
Table 3 Submerged spur dikes.
Distance between
two submerged
spur dike
Location according
to degree
Submerged
ratio (%)
Case (11) S= 2.5L h= 49.9 25
Case (12) S= 3.5L h= 51.8 25
Case (13) S= 5L h= 54.7 25
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36 V. Mohammad et al.same. The second scour hole happened at the end of the bend
in the numerical method, while in the experimental model it
happened in the middle of the channel. Although the second
scour hole location is different in the two models, the changes
in the downstream of the spur dike are limited, and the main
purposes are to find the location and amount of the maxi-
mum sedimentation and the scour depth in the models.
Therefore, it was observed that the SSIIM model has pre-
sented the flow velocity values, the location and the depth60 61 62 63 64 65 66 67 68 69 70
Degree)
.5L S=5L
s distances of spur dikes from each other.
50 60 70 80
(Degree)
3.5L S=5L
s distances of spur dikes from each other.
Effects of distance between the T-shaped spur dikes 37of maximum scour and sedimentation with an appropriate
estimation. In other words, the SSIIM could accurately sim-
ulate the scour and flow pattern in a 90 bend. The grid sys-
tem was checked using a finer mesh, where the gridlines were
doubled in longitudinal and lateral directions. In this case the
computation time was very long (80 h). The computed bed
topographies from the two grids showed that the two models(a) S=
(b) S=
(c) S
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Figure 9 Spur dikes’ field vortex at distance of (a) 0.8% and S= 3.5
S= 5L of channel width from outer bank.are equal with close approximation. The grid size is small
enough to minimize errors from the dissipation due to grids
[8]. In this study, different turbulence models were used to
calibrate the software. These models are expected in SSIIM
that will be introduced in the control file. It was observed
that the k–e model is close to the experimental results, and
so all calculations were performed using the k–e model.3.5L
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=5L
=5L
egree)
50 55
down stream
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egree)
0 55 60
L, (b) 12% and S= 3.5L, (c) 0.8% and S= 5L and (d) 12% and
38 V. Mohammad et al.Various models that have been used are as follows: Standard
k–e model, k–e model with some RNG extensions and k–x
(omega) model. To calculate the concentration at the bed
in SSIIM-1 model, several sediment transport formulas are
used, such as Van Rij’n and Einstein’s bed load formula or
Ackers/White’s formula. In this study, changes in the bed
topography using the Van Rij’n formula agree more with
the laboratory results. The sediment transport calculation is
transient; therefore, an explicit calculation scheme method
is used [21]. The time step is 20 s, because it must not be
so large that the changes in bed topography cause significant
changes in the flow pattern. Also in this study less time
(about 15 s) was used, but the results did not change in a
way that that the computing time increases.
3. Results and discussions
In this study, 13 modeling/analyses have been conducted on
the basis of dikes submergence and the placement of the sec-
ond spur dike. Cases (1) and (2) show submerged and non-
submerged single spur dikes. Cases (3)–(10) are related to the(a)
(c)
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Figure 10 Streamlines at spur dikes’ field at case that (a) ondistance of the second spur dike and are shown in Table 2.
Cases (11)–(13) are related to submerged spur dikes that are
shown in Table 3.3.1. Power of secondary flow
The secondary flow is created which is affected by the centrifu-
gal force caused by the bend of channel and the pressure gra-
dient resulting from the difference between the water level at
the inner and the outer banks that has a low value at the begin-
ning of the bend but gradually increases approaching to the
mid-channel and reaching the spur dike due to enhancement
in depth-velocities caused by the flow collision into the dike
web. It reaches the maximum value on the upstream of the first
spur dike. To determine the parameters of the secondary flow
power the Shukry method was used (1950) according to
Eqs. ((14)–(17)), where Syz= power of secondary flow;
Vyz=mean velocity vector projected on the lateral and verti-
cal planes [LT1]; V=mean cross-sectional velocity [LT1]
and K= kinetic energy [1].(b)
(d)
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Syz ¼ ðV2yz=2gÞ=ðV2=2gÞ ð15Þ
Vyz ¼ u2 þ w2
 0:5 ð16Þ
V ¼ u2 þ v2 þ w2 0:5 ð17Þ
As Fig. 7 shows, in all spacing between spur dikes (S), the
maximum power of secondary flow occurs at the upstream of
the first spur dike. By passing the flow from the first spur dike,
the power of the secondary flow is reduced due to the reduc-
tion in the depth-velocity. By changing the ‘‘S”, the ‘‘Syz” does
not change in the location of the first spur dike because at the
spur dikes’ field the vortex is formed in the opposite direction
of the secondary flow and this does not increase the ‘‘Syz”.
Since the location of maximum scour depends on ‘‘Syz” and
the vortexes-induced, it is expected that the maximum scour
depth occurs near the location that has maximum power of
the secondary flow, namely near the first spur dike. As Fig. 8
shows, by increasing the ‘‘S” in the angle of 49.9 up to(a) S=2.5L
(c) S=4L
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Figure 11 Bed topography when (a) S= 2.5L, (b) S= 3.5L, (c) S
S= 10L.51.8, the ‘‘Syz” decreases which means that in this area the
power of the outer bank vortex increases and by reducing
the cross-flow, it leads to the reduction of ‘‘Syz”, but from
the angle of 51.8 up to 54.7, there will not be significant
changes in the power of the secondary flow. By increasing
the ‘‘S” from the angle of 54.7 to 70, the ‘‘Syz” increases;
therefore, in this area the secondary vortex power near the
outer bank declines. The vortexes near the outer bank cause
a decrease in ‘‘Syz” because the vortexes have reverse relation-
ship with the ‘‘Syz”.
3.2. Flow pattern in spur dikes’ field
The flow in spur dikes’ field includes the main and secondary
vortices, the vortex-induced separation zone and the upward
and downward flows. The main vortex occurs in the middle
of the channel or dike upstream but the others occur near
the outer bank in dike fields. Fig. 9 indicates the velocity
vectors near the outer bank (d= 0.8% w that ‘‘d” denotes(b) S=3.5L
(d) S=5L
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= 4L, (d) S= 5L, (e) S= 6L, (f) S= 7L, (g) S= 8L and (h)
40 V. Mohammad et al.the distance from the outer bank and ‘‘w” is the channel width)
and also shows the section near the inner wall of the dike wing
(d= 12% w) in dikes’ fields when ‘‘S= 3.5L” and ‘‘S= 5L”.
At the upstream of the first spur dike, the flow approaches the
dike web, and then a part of it diverts toward the bed and con-
verts to the downward flow; after hitting the bed level, it moves
upstream and leads to the scour hole created in the dike bed.
Next, by hitting the mainstream, a longitudinal vortex is
formed and leads to the development of the scour hole toward
the upstream. However, in a spur dikes’ field, the flow pattern
is altered based on the distance from the outer bank, meaning
that near the outer bank the flow moves from the second spur
dike toward the first dike and by encountering the first dike, it
is converted to the downward flow which creates a longitudinal
vortex at the spur dikes’ field in addition to the scour hole, but
when ‘‘d= 12% w” the vortex becomes weak and due to the
flow continuity, moves downstream in order to mainstream.
The same phenomenon occurs at the downstream of the sec-
ond spur dike near the outer bank. The flow moves upstream(g) S=8L
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Figure 11 (coand flows in the same direction as with the mainstream near
the spur dike wing. In the upstream and downstream of the
second dike relative to the other areas, some sedimentation
occurs near the spur dike that is due to the impact of the
second dike wing on the reduction of the effect of erosion
forces.
As in Fig. 10 the flow pattern is shown at the field of two
spur dikes on the water surface. It can be concluded that when
‘‘S” is more than ‘‘5L”, the mainstream enters the spur dike
field and creates the complete vortex. In other spaces, the spur
dikes’ field is influenced by the first spur dike and only a lim-
ited portion of the current through the spur dike enters the
field of the spur dike in the depths near the bed and will enter
the mainstream flow at upper layers as an incomplete vortex.
Due to the deceleration flow at spur dikes’ field, these vortexes
cause that the banks be stabilized, and the erosion be reduced.
At the upstream of the first spur dike and downstream of sec-
ond spur dike, the main and secondary vortexes are formed in
all cases.(h) S=10L
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Figure 12 Bed topography based on 25% of submergence ratio (a) one spur dike, (b) S= 2.5L, (c) S= 3.5L and (d) S= 5L.
Effects of distance between the T-shaped spur dikes 413.3. Topography
In all cases, the maximum scour depth generally occurs at the
tip of the first dike wing. Because the maximum power of the
secondary flow occurs in that region, this scour depth does
not change as the space between the spur dikes increases.
Finally the installation of the second spur dike does not help
to less down the maximum scour depth but it makes the flow
hit the outer bank in more distance from the first dike com-
pared to the single spur dike case, as a result the length of the
reattachment zone increases. The second spur dike is used for
the lack of erosion of the outer banks walls and also is used
for creating a low-velocity zone and the ability to exploit. As
Fig. 11 shows, for a more efficient way to check the scour
and the sedimentation affected by distance between the spurdikes, 8 states were analyzed as indicated in Table 2. The
results are as follows: that ‘‘X” and ‘‘Y” are coordinates sys-
tems, ‘‘Rc” is the radius of bend curvature and ‘‘ds/y” is the
dimensionless number that represents the ratio of scour depth
to the depth of steady flow at the beginning of the channel.
‘‘S” is the distance between two spur dikes, ‘‘L” is spur dike
length and ‘‘h” is the angle from bends entry in upstream. In
case of single spur dike and when S= 2.5, 5, 6 and 7L,
another scour hole is formed at the end of channel bend that
is due to the influence of sedimentation at the inner bank at
the end of the channel. In all other cases of spur dikes’ posi-
tion, these holes cannot be seen because the sedimentation
has more distance from the channel end. When ‘‘S= 4L”,
it will not cause a significant change in scour trend because
this area is affected by the scour hole of the first spur dike,
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Figure 13 Longitudinal profiles at distance equal to (a) 0.8%, (b) 12% and (c) 18% of channel width from outer bank.
42 V. Mohammad et al.however when this distance is more than 5L, the second scour
hole (at a distance of 77% L from the dike wing to the inner
bank) is created in front of the second dike wing that is due
to the effect of the dike wing on more blockages of the chan-
nel and more secondary flow power at the position of the sec-
ond spur dike. The amount of sedimentation when ‘‘S= 8L”
is noticeably different from other cases and this difference
compared to the case that ‘‘S= 2.5L” is reduced 58% and
is due to closeness of the second spur dike to the end of
the channel. From Figs. 10 and 11, when ‘‘S” is more than
‘‘5L”, the bed topography in the second spur dike location
changes and the mainstream enters the spur dikes’ field;
therefore, it is recommended that the distance between two
spur dikes is not considered more than ‘‘5L”. To protect
the outer bank, and instead of increasing the distancebetween two spur dikes, it is recommended to use a series
of T-shaped spur dikes.
3.4. Effects of submerged spur dike
In Fig. 12 the effects of dike submergence on beds topography
are shown. The spur dike was modeled on the submergence
ratio of 25%. The beds topography was compared with a
non-submerged spur dike. It can be seen that in a submergence
case, sedimentation is also formed near the inner bank in the
bend end. At all distances between the spur dikes a scour hole
is formed near the outer bank. Compared to non-submerged
conditions the maximum amount of scour depth and sedimen-
tation is decreased. Increasing ‘‘S” does not change the
amount and location of maximum scour depth, but by submer-
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Figure 14 Longitudinal profiles at distance equal to 98% of channel width from outer bank (near the inner bank).
Effects of distance between the T-shaped spur dikes 43gence of the spur dike the maximum scour depth decreases to
22% and the location of sedimentation is a little further away
from the bend end. Then all distances between two spur dikes
are compared with non-submerged cases separately. By the
submergence of the spur dike as shown in Figs. 6(a) and 12
(a), the second scour hole is transferred from the end of the
bend to the 65 of the bend from the bend entry, the maximum
amount of sedimentation decreased by 61.5% and the location
of sedimentation does not change; as Figs. 11(a) and 12(b)
show, the scour holes at the end of the channel have been
developed toward spur dike and the maximum amount of sed-
imentation decreased by 36.4%; as shown in Figs. 11(b) and 12
(c), the scour hole is composed at the end of channel and the
maximum amount of sedimentation has decreased by 4%; as
Figs. 11(d) and 12(d) show, the maximum amount of sedimen-
tation decreased by 24.2% and was constituted a scour hole at
the end of the channel but the second scour hole developed
toward the bend end from the second dike location.
3.5. Bed profiles
From Figs. 13 and 14 the longitudinal bed profiles have been
shown in cases without the second spur dike and when
S= 2.5, 3.5, 5, 7 and 10L from the first spur dike. These
bed profiles include the sections with distances of 0.8%,
12%, 18%, and 98% of channel width from the outer bank
that represents respectively the sections near the outer bank,
before the dike wing, after the dike wing and near the inner
bank. Distances between the spur dikes do not affect the max-
imum of scour depth at upstream of the first spur dike. Imme-
diately after the second dike the sedimentary ridges can be seen
that are the result of the reattachment zone, the presence of
weak vortex and the very low longitudinal velocity in this area.
According to Fig. 13, when ‘‘S” is lower than 10L, the sedi-
mentation has occurred in upstream and downstream of the
second dike web under the influence of the dike wing to avoid
a direct confrontation of mainstream to the dike web. The dike
wing acts as a barrier against the secondary flow that will pre-
vent erosion of the spur dike bed. When ‘‘S” is more than 10L,
the scour hole penetrates the field of the second spur dike and
will cause erosion at the bottom of the second dike bed but
before this distance, the scour hole was not formed at the spur
dike bed but the second scour hole was formed in front of the
second dike wing. As Fig. 14 shows, for all distances between
the spur dikes the maximum sedimentation occurs near the
inner bank at the end of the bend.4. Conclusions
In this study, the scour, sedimentation, and the flow pattern
were investigated around the T-shaped spur dikes’ field in a
90 of channel bend using the SSIIM numerical model. The
following results are obtained:
1. When ‘‘S” is more than ‘‘5L”, the mainstream enters to
the spur dike field and creates the complete vortex, in
other cases, the spur dikes’ field is influenced by the first
spur dike.
2. In the case of single spur dike and when S= 2.5, 5, 6
and 7L, in addition to the first scour hole another scour
hole is formed at the end of the channel bend due to
influence of sedimentation.
3. When ‘‘S” is more than 5L, the second scour hole (at a
distance of 77% L from the dike wing to the inner
bank) is created in front of the second dike wing due
to the effect of dike wing. It is recommended that the
distance between the two spur dikes is not considered
more than ‘‘5L”. To protect the outer bank, instead
of increasing the distance between the two spur dikes,
it is recommended to use a series of T-shaped spur
dikes.
4. When ‘‘S” is more than 8L compared to the case that
‘‘S= 2.5L”, the amount of maximum sedimentation is
reduced by 58%, that is due to the closeness of the sec-
ond spur dike to the end of the channel bend.
5. In the submergence case the sedimentation is formed
near the inner bank at the end of the bend. In all
distances between the spur dikes a scour hole is
formed near the outer bank. Compared to the non-
submerged conditions the maximum amount of
sedimentation decreases. The maximum scour depth
decreased by 22%.
6. By the submergence of a spur dike, when S= 2.5L, the
scour hole at the end of the channel was developed
toward the spur dike and the maximum amount of sed-
imentation decreased by 36.4%; When S= 3.5L, the
scour hole is composed at the end of the channel and
the maximum amount of sedimentation decreased by
4%. When S= 5L, the maximum amount of sedimenta-
tion decreased by 24.2% and a scour hole is constituted
at the end of the channel but the second scour hole
developed toward the end of the bend from the second
dike location.
44 V. Mohammad et al.7. Immediately after the second spur dike, the sedimentary
ridges that are due to the reattachment zone, the pres-
ence of the weak vortex and the very low longitudinal
velocity in this area can be observed.
8. When ‘‘S” is lower than 10L, the sedimentation occurs
in the upstream and downstream of the second dike
web and that is because of the influence of the dike wing
to avoid a direct confrontation of mainstream to the
dike web. The dike wing acts as a barrier against the sec-
ondary flow and prevents the erosion of the spur dike
bed.
9. When ‘‘S” is more than 10L, the scour hole penetrates
the field of the second spur dike and will cause erosion
at the bottom of the second spur dike.
10. For all distances between the spur dikes the sedimenta-
tion occurs near the inner bank at the end of the bend.
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